A numerical investigation regarding ductility evaluation of steel buildings with moment resisting steel frames is conducted. Bending (µ Lφ ) and tension (µ Lδ ) local ductilities as well as story (µ S ) and global ductilities are studied. Global ductility is calculated as the mean values of story ductilities (µ GS ) and as the ratio of the maximum inelastic to yielding top displacements (µ Gt ). The ductility capacity is associated to drifts of about 5%. Ductility values significantly may vary with the strong motion, ductility definition, structural element, story number, type of analysis, and model. µ Lφ is much larger for beams than for columns. Even though the demands of µ Lδ are considered an important issue they are less relevant than µ Lφ . µ S is much smaller than µ Lφ for beams. µ GS for dynamic analysis give reasonable values, but µ Gt does not. µ Lφ , µ S and µ GS obtained from pushover are larger than those obtained from dynamic analysis and unlike the case of dynamic analysis, µ Lφ tend to increase with the story number showing an opposite trend. Considering that: µ Gt for dynamic analysis results in unreasonable values, pushover analysis does not consider energy dissipation, the strong column-weak beam (SCWB) concept was followed in the model designs, and µ Lδ is not relevant in framed steel buildings, the ratio (R LG ) of global to local ductility capacity is calculated as the ratio of µ GS to µ Lφ of beams, for dynamic analysis. A value of 1/3 is proposed. Thus, if bending local ductility capacity is stated as the basis for the design, the global ductility capacity can be easily estimated.
Introduction
The seismic behavior of a building under the action of a strong motion represents a very complicated phenomenon, particularly when the building is deformed into the inelastic range. In spite of this most of building codes around the world permit the use of simple elastic procedures to determine the seismic demands on steel buildings either for small or large deformations. Due to their relatively simplicity in their application, simplified methods like the Static Equivalent Lateral Force (SELF) procedure, are broadly used. For example, The International Building Code (IBC) [1] , The National Building Code of Canada (NBCC) [2] , The Mexico Federal District Code (MFDC) [3] , and The Eurocode 8 (EC) [4] , permit the use of the mentioned procedure for regular buildings with relatively short periods (low-and medium-rise). FEMA-273 and ATC-40 also permit to use nonlinear static procedure or pushover analysis. In the procedure, static analysis of the buildings under the Appl. Sci. 2019, 9, 200 2 of 21 action of equivalent lateral forces, which are related to the properties of the structure and the seismicity of the region, provides the design forces; then a serviceability revision is performed. Thus, it can be said that conventional seismic design considered in many seismic codes is essentially force-based with a final check on displacements.
In the above mentioned procedure, the ductility parameter (µ) plays an important role in the determination of the design seismic forces of building structural systems, it represents the capacity of a structure to dissipate energy, allowing for a reduction of the elastic strength demands; the larger the ductility, the smaller the design seismic forces. It is particularly important for steel structures since there are many sources of ductility and of energy dissipation. However, there is not unanimity on the profession on how to define it; it is argued that this parameter is constantly used in the profession in an indirect way to estimate the building seismic design forces, but there is no engineering definition of it in our specifications or unanimity on the profession on how to define it [5, 6] . In fact, the magnitude of the reduction of the elastic design seismic forces directly depends on the force reduction factor (R), which significant depends on an associated parameter called ductility reduction factor (R µ ) [7, 8] . The estimation of these parameters represents one of the most controversial issues in the SELF procedure.
In IBC the reduction factor is called 'response modification factor' (R); it is stated that it depends on many parameters including the ductility capacity and inelastic performance of structural material. In NBCC the reduction parameter is called 'force modification factor' (R d ), where it is explicitly stated that it depends on the ductility capacity and materials as well as on the structural overstrength. In MFDC this parameter is called 'seismic reduction factor' (Q ) which depends on the structural material, the structural system and detailing. In EC the factor is called 'seismic reduction factor' (q ) and depends on an overstrength factor and on factors which in turn depends on structural materials and the structural system. It is implicitly assumed in these codes that ductility represents the capacity of the structure to dissipate energy.
It is concluded that, it is essential to establish a measure of ductility. In this regard, the various types of ductility involved in a building must be considered [9] ; local ductility must be differentiated from story or from global ductility. For the case of steel buildings, local ductility may be associated to the rotational capacity of a member under bending or to the longitudinal deformation capacity of a member under tension. Story ductility is essentially associated to the relative story displacements while global ductility is normally expressed in terms of story ductility or in terms of the absolute displacements of the roof. It is generally accepted than the local ductility is larger than story ductility, which in turn is larger than global ductility.
It must be noted that ductility demand is different from ductility capacity. For example, for the case of a particular story, story ductility demand is the ratio of the maximum interstory lateral displacement of a structure during the application of the seismic loading to the corresponding displacement when first yielding occurs at any member of the story, while ductility capacity is the ratio of the maximum permissible inelastic lateral displacement to the displacement when first yield occurs. Ductility capacity is usually obtained from experimental results of individual members (local ductility). Therefore, it is important to relate it to the story or to the overall structural ductility (global ductility). Theoretically, ductility capacity should be reached when a collapse mechanism develops in the structure. To obtain this, it needs to be guaranteed that plastic moments are reached at positions of maximum moments before failure due to instability, namely local buckling or lateral torsional buckling, in a member or in a connection occurs. Moreover, local ductility cannot be exceeded; otherwise, the ductility corresponding to the collapse mechanism will not be the ductility capacity. For that reason, some researchers [10] suggest using local ductility as the basis for design because there are numerous laboratory studies on ductility for members. In this regard, as stated above, some relationships need to be established between local, story and global ductility.
The central objective of this paper is to evaluate the ductility parameter for steel buildings with typical welded moment-resisting frames. Different types of local ductility as well as story and global ductility are calculated according to both, nonlinear dynamic analysis and nonlinear static analysis (pushover). The relationship between local and global ductility is calculated. Due to the advancements in the computer technology, the computational capabilities have significantly increased in the recent years allowing us to estimate the nonlinear seismic response by modeling structures as complex MDOF systems with hundred and even thousands of degrees of freedoms and applying the seismic loadings in time domain as realistically as possible. Responses obtained in this way may represent the best estimate of the seismic responses. Then the values of ductility demands for the different definitions can be properly estimated.
Literature Review
Studying the µ parameter and the associated ductility reduction factor (R µ for the case of the IBC code) of steel buildings has been an important research topic during the last decades. There have been a significant number of studies for single degree of freedom (SDOF) systems based on analytical and/or empirical observations and considerations. The R µ factor was first introduced in ATC-3-06 [11] in the late 1970s. Other of the first investigations was conducted by Newmark and Hall [9] ; they proposed a procedure to relate R µ and µ by constructing the inelastic response spectra from the basic elastic design spectra. Hadjian [12] studied the reduction of the spectral accelerations to account for the inelastic behavior of structures. Miranda and Bertero [13] proposed simplified expressions to estimate the inelastic design spectra. Tiwari and Gupta [14] proposed a preliminary scaling model to estimate the ductility reduction factors of horizontal ground motions. Significant contributions regarding the evaluation of the ductility and ductility reduction parameters for SDOF systems can be found in other publications [15] [16] [17] [18] [19] [20] . More recently Zhai et al. [21] investigated the strength reduction factor of SDOF systems with constant ductility performance subjected to the mainshock-aftershock sequence-type ground motions. Ghods et al. [22] , by using the finite element method (FEM), investigated the forming of plastic hinges, distribution of stresses, and ductility and stiffness of steel systems composed of reinforced concrete column to steel beam connections.
There are also several studies regarding the evaluation of R (or R µ ) and µ factors for multi degree of freedom (MDOF) systems. Nassar and Krawinkler [23] studied the relationship between force reduction factors and ductility for simplified (three-story single-bay) MDOF systems. Santa-Ana and Miranda [24] studied the strength reductions factors for several steel frames modeled as plane MDOF systems. Moghaddam and Mohammadi [25] introduced a modification to the response modification factor and proposed an approach to evaluate the seismic strength and ductility demands of MDOF structures. Elnashai and Mwafy [26] investigated the relationship between the lateral capacity, the design force reduction factor, the ductility factor and the overstrength factor for reinforced-concrete buildings. Medina and Krawinkler [27] presented an evaluation on drift demands for regular moment resisting frame structures subjected to ordinary ground motions. In another study Medina and Krawinkler [28] studied the strength demands relevant for the seismic design of moment-resisting frames. Important results, regarding ductility, ductility reduction factor and other related parameters for structures modeled as MDOF systems can be found in some research reports and papers [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
More recently Reyes-Salazar et al. [39] , studied the ductility reduction factor for buildings with moment resisting steel frames (MRSF) which were modeled as complex MDOF systems, considering an intermediate level of inelastic structural deformation. Valenzuela-Beltran et al. [40] proposed a reliability-based criterion including two simplified mathematical expressions, which depends on the ductility of the structural system, to estimate strength amplification factors for buildings with asymmetric yielding. Fanaie and Shamlou [41] studied the seismic behavior, in terms of response modification factor and ductility factor, of mixed structures. Vuran and Aydınoglu [42] developed simple capacity and ductility demand estimation tools for coupled core wall systems. Gómez-Martínez et al. [43] analytically studied the local and global ductility of wide-beam reinforced concrete moment resisting frames. Wang et al. [44] studied the seismic performances of steel braced truss-RC column hybrid structure. Liu et al. [45] developed a new response spectrum method by incorporating the ductility factor and strain rate into the conventional response spectrum method. Hashemi et al. [46] presented the results of studies on two important seismic parameters namely, ductility and response modification factor for moment resisting frames with concrete-filled steel tube columns. Kang and Mory [47] proposed simplified procedure to estimate the peak inter-story drift ratios of steel frames with hysteretic dampers for SDOF and MDOF systems where the energy dissipated by hysteretic behavior and the involved ductility were explicitly considered.
The abovementioned studies represent a significant contribution regarding the evaluation of ductility or force reduction factors, however, in most of them SDOF systems, plane shear buildings, or a limited level of inelastic deformation were considered. Therefore, they did not explicitly consider the inelastic behavior and energy dissipation of the structural elements existing in actual systems. It has been shown [48] [49] [50] that ductility demands as well as the ductility reduction factors depend on the amount of dissipated energy, which in turn depends on the plastic mechanism formed in the frames as well as on the loading, unloading and reloading process at plastic hinges. In addition, a limited level of inelastic deformation is not associated to the ductility capacity. Moreover, local ductility taking into account the maximum inelastic curvature and tensional elongations as well as relationship between local and global ductility, estimated by dynamic and pushover analysis, have not been considered.
Objectives
The central objective of this paper is to evaluate ductility demands of steel buildings; local, story and global ductility as well as relationship among them are considered. To this aim, the nonlinear seismic responses of low-and medium-rise steel building models with typical welded connections, idealized as complex plane MDOF systems, are calculated. The ductility values are compared with those resulting from pushover analysis. The specific objectives are:
(1) Calculate local ductility for individual structural elements (beams and columns) associated to the maximum inelastic curvatures and axial elongations according to nonlinear seismic analysis. Several intensities of the strong motions are considered. The larger intensity of the earthquakes will correspond to a deformation state close to a structural collapse mechanism (maximum drifts of about 5%). (2) Calculate story and global ductility for the same cases above mentioned. 
Procedure and Structural Models
Two steel buildings, modeled as MDOF plane frames, and twenty strong seismic motions are used in the study. Local, story and global ductility, according to several definitions, are calculated. The strong motions are scaled down and up to get different levels of structural deformations. The maximum deformation level is very close to the formation of a collapse mechanism; therefore, it is associated to the ductility capacity. In some experimental studies it has been shown that moment resisting steel frames may undergo interstory displacements of up to 5% (and even larger) and still be able to vibrate in stable manner [51] [52] [53] [54] . This is approximately the maximum deformation level considered in this study. Thus, the ductility values obtained for this deformation, according to the different definitions, are assumed to be the ductility capacity.
Steel Building Models
Several steel model buildings were designed, as part of the SAC (Structural Engineers of California, Applied Technology Council, and Consortium of Universities for Research in Earthquake Engineering) steel project [55] , by three consulting firms. The buildings are supposed to satisfy all code requirements existed at the time of evaluation for the following three cities: Los Angeles [56] , Seattle [56] , and Boston [57] . The buildings were designed to be case studies to evaluate many aspects related to the seismic behavior of steel buildings with moment resisting frames [55] . Even though the three sets of buildings were used in the SAC project only the perimeter moment resisting frames (PMRF) of the 3-and 10-level buildings of the project, which are assumed to be located in the Los Angeles area, are considered in this study to address the issues discussed earlier. Isometric views for the 3-and 10-level buildings, which are referred hereafter as Models 1 and 2, respectively, are given in Figures 1 and 2 , where the PMRF (exterior) and the interior gravity frames are clearly identified. Sizes of structural elements, namely beams (horizontal) and columns (vertical), as reported, are given in Table 1 have different levels of deformation as well as moderate and significant inelastic behavior, the strong motions are scaled in terms of Sa evaluated in the fundamental lateral vibration period (Sa(T1)) ranging from 0.4 g to 1.2 g for the 3-level model and from 0.2 g to 0.8 g for the 10-level model, with increments of 0.2 g. The maximum considered values (Sa = 1.2 g and Sa = 0.8 g) correspond to a deformation state very close to a collapse mechanism where, as stated above, interstory drifts of about 5% were developed for many strong motions. The building models are assumed to have typical welded connections. The structural members, which were modeled as one-dimensional beam-column elements, were designed following the strong column-weak beam (SCWB) concept. Each column is represented by one element and each girder by two elements, having a node at the mid-span. Each node is considered to have three degrees of freedom. The damping is considered to be 3% of critical damping. The RUAUMOKO Computer Program [58] is used for the time history nonlinear dynamic analysis. The frames are modeled as complex 2D MDOF systems. The Newmark constant average acceleration method together with the Newton-Raphson iteration scheme are used to solve the differential equation systems. For a given load increment convergence occurs (it is the iterative process is terminated) when the ratio of the incremental displacements at the current iteration to the current estimate of the displacements is small enough (about 0.00001). In addition lumped mass matrix, Rayleigh damping as well as large displacement effects, are considered in the nonlinear dynamics analysis; the time increment in the analysis was 0.01 s. The panel zone was considered to be rigid. Typical input data as ground accelerations, boundary conditions, node coordinates, as well as elastic and inelastic section properties are given or read within the Ruaumoko computer program environment. No strength degradation member, bilinear behavior with 5% of the initial stiffness in the second region and concentrated plasticity are assumed. The interaction axial load-bending moment is given by the yield interaction surface proposed by Chen and Atsuta [59] .
It is worth mentioning that the numerical investigation was developed on the base of the above-described simplified FE models, where the mechanical, geometrical, and dynamics properties of structural elements are roughly, but efficiently, described. It has been shown [60] [61] [62] [63] that this type of FE formulation results in a good approximation of the structural response in parametric studies like that presented in this paper, as long as it is provided a realistic modeling of the structure and of the cyclic load deformation characteristics of its structural elements.
Earthquake Loading
The responses of a structure excited by different strong motions, even when they are normalized with respect to the same response parameter, are expected to be different reflecting the influence of their different frequency content. Thus to get meaningful results, the models under consideration are excited by twenty strong motions in time domain. The characteristics of the records are given in Table 2 for the NS direction. The predominant periods of the earthquakes vary from 0.11 to 0.62 s, which are defined as the period where the largest peak in the pseudo-acceleration (S a ) elastic response spectrum occurs. The earthquake time histories were obtained from the Data Sets of the National Strong Motion Program (NSMP) of the United States Geological Surveys (USGS). One horizontal seismic component at a time as well as the vertical component and the gravity loads are applied to the models. For a given direction, half of the seismic loading and gravity loading are applied to the corresponding PMRF.
The models behave essentially elastic under the action of any of the strong motions. In order to have different levels of deformation as well as moderate and significant inelastic behavior, the strong motions are scaled in terms of S a evaluated in the fundamental lateral vibration period (S a (T 1 )) ranging from 0.4 g to 1.2 g for the 3-level model and from 0.2 g to 0.8 g for the 10-level model, with increments of 0.2 g. The maximum considered values (S a = 1.2 g and S a = 0.8 g) correspond to a deformation state very close to a collapse mechanism where, as stated above, interstory drifts of about 5% were developed for many strong motions.
Gravity Loading
In addition to the seismic loading, the following gravity loads [55] were used in the analysis: 
Ductility Definitions
The main objective of this paper is to evaluate the ductility parameter (local, story, and global) associated to several levels of deformations of steel buildings under the action of seismic loading. From a conceptual point of view, in the context of seismic analysis of SDOF systems, ductility is defined as the ratio of the maximum inelastic displacement (D max ) to the yield displacement (D y ). D max is calculated as the maximum displacement that the system undergoes during the application of the total load and D y as the displacement of the system when yielding occurs on it for the first time.
For MDOF systems, however, it is not clearly stated how to calculate these two parameters (D max and D y ); many alternatives are possible. The implication of this is that there is no unanimity in the profession on how to calculate the ductility parameter for MDOF systems. As it will be additionally discussed below, global ductility for MDOF systems, typically is expressed as the ratio of the maximum absolute lateral displacement of the roof after the complete application of the loading to the absolute lateral displacements of the roof when yielding at any member occurs by the first time. However, since global ductility should represent the overall structural inelastic deformation, some researchers suggest defining it in terms of relative lateral displacements [5, 7, 54] . In addition, it is necessary to properly define local, story and global ductility and establish appropriate relationships among these parameters. In this paper the following definitions of ductility are considered.
Local Ductility
Definition 1. The local ductility of a flexural member (µ Lφ ) for a given joint is defined as the ratio of the maximum inelastic curvature that the joint undergoes during the total time of excitation (φ max ) to the curvature of the joint when it yields for the first time (φ y ). Mathematically it is expressed as
Thus in the case of nonlinear time history analysis, as soon as any of the joints of a given member yields for the first time the corresponding curvature is identified as φ y for that particular member. In a similar manner the curvature is calculated at each time increment of the analysis and the largest one is identified as φ max for the member under consideration.
Definition 2. The local ductility of a tensile member (µ Lδ ) is defined as the ratio of the maximum inelastic axial deformation that the member undergoes during the total time of excitation (δ max ) to the axial deformation of the member when it yields for the first time (δ y ). It is expressed as
Story Ductility
Definition 3. The ductility of a story (µ S ) is defined as the ratio of the maximum inelastic drift of the story during the total time of excitation (∆ max ) to the drift of the story when any of its members yields for the first time (∆ y ). Mathematically we have
The ∆ y parameter in Equation (3) needs additional discussion at this stage: it is assumed that for a given story of a given frame, the beams on the story and the columns connecting beneath it are part of the story. For example, for the 3-story model, going from the top to the bottom (see PMRF in Figure 1 ), the first three beams and four columns are considered to be part of the third story; in the same manner the second set of three beams and four columns are considered to be part of Story 2, and so on. Then, in the µ S definition, the expression "the drift of the story when any of its members yields for the first time" refers to first yielding of any beam or column that is part of the story under consideration.
Global Ductility
Definition 4. Global ductility is defined as the mean value of the story ductilities; it is calculated as
where n is the number of stories.
Definition 5.
Global ductility is calculated as the ratio of the maximum inelastic displacement at the top of the building during the total time of excitation (D max,t ) to the top displacement when any member of the building yields for the first time (D y,t ). It can be expressed as:
Objective 1: Local Ductility, Dynamic Analysis
The local ductility parameter associated to bending, as defined by Equation (1), is calculated for all the structural members of both models for several intensities of the 20 strong motions as well as for the NS and EW directions. First, the models are subjected to the simultaneous action of the horizontal seismic component oriented in the EW direction, the vertical seismic component and the gravity loads. Then, the models are subjected to a similar set of loads, but the other horizontal component (NS direction) is considered instead. It is important to mention that even though, as stated earlier, the strong column-weak beam concept was considered in building design calculations, column hinging occurred in many cases.
For a given story, the µ Lφ values are averaged, first over all the beams, and then over all the columns. The resulting averages for the beams of the 3-level building and the EW horizontal component, for seismic intensities S a = 0.4 g, 0.8 g and 1.2 g, are presented in Figure 3a -c, respectively, while those associated to columns are given in Figure 3d -f, for the same strong motion intensities. The corresponding results for the 10-level building are presented in Figure 4 , but in this case for seismic intensities of 0.2 g, 0.6 g and 0.8 g. In these figures, the symbol "ST" stands for the story level. It is worth to mention that moderate yielding occurs for seismic intensities of 0.4 g and 0.2 g for the 3-and 10-level structural models, respectively; the corresponding seismic intensities for significant deformations are 1.2 g and 0.8 g, for the 3-and 10-level models, respectively. In fact, even though it is not shown in the paper, the drifts for these significant levels of deformation were about 5% for some of the strong motions; the corresponding pattern of plastic hinges were very close to define a collapse mechanism. For this reason, the mentioned levels of maximum deformation are assumed to be associated the structural capacity of the models.
Results of the figures indicate that, for beams, the maximum values of µ Lφ (bending local ductility capacity) are about 15 and 20 for the 3-and 10-level buildings, respectively. There are some numerical and experimental [9, 64, 65] evidence that the bending local ductility capacity can reach values larger than 20; however, it is for monotonic loading and individual members. It is also observed that, for a given value of S a , the magnitude of µ Lφ significantly varies from one seismic motion to another even though the seismic demands normalized according to S a for each seismic motion was the same. ductility capacity) are about 15 and 20 for the 3-and 10-level buildings, respectively. There are some numerical and experimental [9, 64, 65] evidence that the bending local ductility capacity can reach values larger than 20; however, it is for monotonic loading and individual members. It is also observed that, for a given value of Sa, the magnitude of μLϕ significantly varies from one seismic motion to another even though the seismic demands normalized according to Sa for each seismic motion was the same. For example, for the case of beams of Story 3 of the 3-level building and Sa = 1.2 g, values as small as 4 and as larger as 15 are observed for the twentieth and twelfth strong motions, respectively. Such broad variation reflects the influence of the strong motion frequencies and the contribution of several vibration modes to the structural response. Results also indicate that the μLϕ values increase as the seismic intensity increases and that the values are much larger for beams than for columns, as expected. Plots similar to those given in of Figures 3 and 4 were also developed for the NS direction. In total 20 and 16 plots were developed for the 3-and 10-level buildings, respectively, but only the For example, for the case of beams of Story 3 of the 3-level building and S a = 1.2 g, values as small as 4 and as larger as 15 are observed for the twentieth and twelfth strong motions, respectively. Such broad variation reflects the influence of the strong motion frequencies and the contribution of several vibration modes to the structural response. Results also indicate that the µ Lφ values increase as the seismic intensity increases and that the values are much larger for beams than for columns, as expected. Plots similar to those given in of Figures 3 and 4 were also developed for the NS direction. In total 20 and 16 plots were developed for the 3-and 10-level buildings, respectively, but only the fundamental statistics in terms of the mean values (MV) and coefficients of variation (CV) are given for all cases; the results are presented in Tables 3 and 4 . It can be observed from the tables that for the beams of the 3-level building, the maximum bending ductility demands occur, in general, for the second story. For the case of columns, as observed from individual graphs, the mean values are much smaller than those of beams; in fact for the two lowest intensities (Sa = 0.4 g and 0.6 g) they are essentially equal to unity for the two upper stories implying no yielding. Unlike what observed for beams, the mean values of μLϕ for columns tend to decrease with the story number. For both, beams and columns, the mean values tend to increase with the seismic intensity and are larger for the NS that for the EW direction; the uncertainty in the estimation is moderate in most of the cases.
The statistics for the 10-level building (Table 4 ) resemble those of the 3-level building in the sense that the mean values of μLϕ are much larger for beams than for columns and that the uncertainty in the estimation is, in general, moderate. However, unlike the 3-level building, the mean values tend It can be observed from the tables that for the beams of the 3-level building, the maximum bending ductility demands occur, in general, for the second story. For the case of columns, as observed from individual graphs, the mean values are much smaller than those of beams; in fact for the two lowest intensities (S a = 0.4 g and 0.6 g) they are essentially equal to unity for the two upper stories implying no yielding. Unlike what observed for beams, the mean values of µ Lφ for columns tend to decrease with the story number. For both, beams and columns, the mean values tend to increase with the seismic intensity and are larger for the NS that for the EW direction; the uncertainty in the estimation is moderate in most of the cases.
The statistics for the 10-level building (Table 4 ) resemble those of the 3-level building in the sense that the mean values of µ Lφ are much larger for beams than for columns and that the uncertainty in the estimation is, in general, moderate. However, unlike the 3-level building, the mean values tend to decrease with the story number for beams, and as for the 3-story building the µ Lφ mean values tend to decrease with the story number for columns; no yielding occurs in columns in most of the cases for low intensities of the strong motions (S a = 0.2 g and 0.4 g). The only additional observation that can be made is that, for the larger strong motion intensities, the maximum mean values of the bending local ductility demands are observed to be larger for the 10-level building. Local ductility values associated to axial elongations (µ Lδ ) were also calculated. It is worth to mention that since axial deformations of beams are negligible in comparison with those of bending, µ Lδ is not calculated for beams. In other words, plasticization of beams (formation of plastic hinges) is essentially produced by bending. In addition, it was observed that, due to their location, the axial loads at interior columns are smaller than that of exterior columns in such a way that plasticization of interior columns are essentially due to the action of bending moments too. Thus, that the µ Lδ parameter is calculated only for exterior columns Similar to the case of µ Lφ , for a given story and building, the µ Lδ values are averaged (but in this case only over the two exterior columns) and graphs for individual members are developed; only the fundamental statistics for the 3-level building are presented (Table 5 ), however. The main observations that can be made are that the mean values of µ Lδ are comparable to those of µ Lφ for columns but much smaller than those of µ Lφ for beams. However, unlike the case of µ Lφ for beams or columns, the maximum values occur for the upper story.
The previous discussion clearly indicates that the ductility demands associated to column axial deformations of steel framed structures are much smaller than those associated to bending of beams; for example, for the 3-level building and the deformation state close to collapse (S a = 1.2 g), the average ductility demand associated to bending of beams ranges from 7.8 to 11.86, while that associated to axial elongation on columns ranges from 1.00 to 3.57. Thus, even though tensional ductility demands are considered as an important issue in some research reports [9] and steel structural members may have a high ductility capacity in tension, these types of ductility demands are less relevant for the type of the structural system under consideration. Table 5 . Statistics for µ Lδ for columns of the 3-level building . 
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The µ S values for the NS direction of the 3-level building, calculated according to Equation (3), are shown in Figure 5a -c, for seismic intensities of 0.4 g, 0.8 g, and 1.2 g, respectively; while those of the 10-level building for the same direction are given in Figure 5d -f, for seismic intensities of 0.2 g, 0.6 g, and 0.8 g, respectively. These results resemble those of µ Lφ in the sense that they do not show any trend with the strong motions; the additional observation that can be made is that bending local ductility values are, in general, larger than those of story ductility. The fundamental statistics, for all the seismic intensities and structural directions under consideration, are presented in Tables 6 and 7 , for the 3-and 10-level buildings, respectively. It can be observed that, as for the case of µ Lφ , the mean values of µ S do not present any tendency with the story number for the case of the 3-level building; for the 10-level building, unlike the case of µ Lφ the values do not tend to decrease with high.
any By comparing the results of Tables 6 and 7 with those of Tables 4 and 5 , it is concluded that, as observed from individual plots, µ S is much smaller than µ Lφ of beams; the values for the maximum seismic intensity range from 3.84 to 4.28 and from 2.49 to 5.19 for the 3-and 10-level models, respectively. As for µ Lφ for beams, the mean values and the uncertainty in the estimation tend to increase with the seismic intensity, however the uncertainty in the estimation is larger for µ S . 
Global Ductility
The global ductility values, calculated according to the two definitions under consideration (µ GS and µ Gt ), are now discussed. The results are given in Tables 8 and 9 , for the 3-and 10-level buildings, respectively. It can be observed that the values of µ GS tend to increase (as expected) with the strong motion intensity and that they are larger for the 3-than for the 10-level building; for the ductility demands (ductility capacity) associated to the maximum deformations µ GS takes values of 3.95 and 3.89, for the NS and EW direction, respectively, for the 3-level building, while the corresponding values are 3.82 and 3.31 for the 10-level building. By comparing the results of Tables 8 and 9 with those of µ Lφ for beams (Tables 3 and 4) it is noted that, as for the case µ S , the values are significantly smaller for µ GS . Most of the observations made µ GS also apply to µ Gt ; however, unreasonable large values are observed for the latter, values of 36.34 and 38.78 were obtained for the 10-level buildings. The reason for this is not that very large drifts were obtained, but the top displacements when first yielding occurs in the buildings were very small indicating an important participation of the higher modes in the response. The implication of this is that the ductility definition based on the building top displacement, even though used in the profession, is not appropriate for the case of dynamic analysis, particularly for high buildings where significant structural contributions of the higher modes are expected. 
Objective 3: Ductility According to Pushover Analysis
It is accepted that nonlinear time history analysis is the most accurate and reliable analysis procedure as long as realistic modeling of the structure and the cyclic load deformation characteristics of its structural elements are provided. The latter characteristic cannot be considered in pushover analysis implying that the effect of the dissipation of energy on the seismic response is neglected. Despite this, nonlinear static procedures are broadly used to estimate seismic responses in terms of different parameter for low-and medium-rise buildings. In this section of the paper, the different types of ductility under consideration are calculated by using pushover analysis and compared to those of dynamic analysis. The pattern of loads is the classical one where a triangular distribution is used; gravity loads were also considered. In order to have a reasonable comparison, the maximum drifts considered in pushover analysis (about 5%) is quite similar to those observed in dynamic analysis for many strong motions for the case of maximum seismic intensity (S a = 1.2 g and 0.8 g for the 3-and 10-level buildings).
Similar to the case of dynamic analysis, as the lateral loads are gradually increased, the structural deformations are gradually increased too. As soon the first plastic hinge is developed in a particular member, in any member of a story, or in any member of the structure, the corresponding deformations φ y , ∆ y and D y,t as indicated in Equations (1), (3), and (5), respectively, are recorded. Then, by considering the associated maximum deformations (φ max , ∆ max and D max,t ) the values of local, story and global ductility are calculated.
The results for bending local ductility are shown in last column of Table 3 for the 3-level building. As for the case of dynamic results, the values are much larger for beams than for columns. It is observed that for beams, the values of µ Lφ of pushover analysis, which range from 13.01 to 16.64, can be much larger than the µ Lφ mean values of dynamic analysis (ranging from 7.81 to 11.86). There are several reasons for this: (a) as stated earlier, the maximum drift was approximately the same for both type of analyses, however, it was observed for many but not for all the strong motions in the case of dynamic analysis, for many of them the maximum drift were about 4% for the maximum seismic intensity, (b) for the case of pushover, the drifts were very close to 5% for all stories, but for dynamic analysis values of 3% and even smaller were observed for some stories, (c) the drift at which first yielding occurred for the stories were smaller for pushover than for of dynamic analysis. Results also indicate that for the case of columns, µ Lφ values may be larger or smaller than those of dynamic analysis; however, the values tend to increase and decrease with the story number for pushover and dynamic analysis, respectively, showing an opposite trend.
The µ Lφ pushover results for the 10-level building are shown in last column of Table 4 . The major observations made before for the 3-level building apply to this building: (a) the pushover values are larger for beams than for columns (in both cases tend to increase with the story number), (b) for the case of beams, the maximum pushover values are larger than the maximum dynamic mean values, and (c) for beams and columns, the values tend to increase and decrease with the story number for pushover and dynamic analysis, respectively. The additional observation that can be made is that for the case of beams, the maximum pushover or dynamic values are larger for the 10-than for the 3-level buildings. The µ S values for pushover analysis are given in last columns of Tables 6 and 7 for the 3-and 10-level models, respectively. It can be observed that, as for bending ductility demands of beams, µ S in general is larger for pushover than for dynamic analysis. It is also shown that the values are larger for the 3-than for the 10-level building and that for the 3-level building the values tend to slightly decrease with the story number which is not observed for the 10-level building.
The global ductility values, as for the case of dynamic analysis, are calculated in terms of interstory displacements (µ GS ) and of top displacements (µ Gt ). The results are shown in last columns of Tables 8  and 9 . As for µ S , µ GS is larger for pushover (7.72 and 5.08) than for dynamic analysis (3.95 and 3.32) for both models. µ Gt is larger for pushover than for dynamic analysis for the 3-level building, but unlike the case of dynamic analysis reasonable large values are observed for the case of the 10-level building.
Objective 4: Relationship between Local and Global Ductility
In experimental studies the ductility capacity is usually obtained for individual members (local ductility), for this reason, as stated earlier, it is suggested [10] considering local ductility as the basis for design. Thus it results convenient relate local to global ductility. In this section the ratio of global to local ductility, denoted by the R LG parameter is presented and discussed. The ratio is calculated only for bending local ductility (µ Lφ ) and global ductility, according to the two definitions under consideration (µ GS y µ Gt ), for dynamics and pushover analysis. The results are summarized in Table 10 . It is observed that the R LG values associated to µ Gt and dynamic analysis give unreasonable larger values particularly for the 10-story building; the reason for this is that, as mentioned in Section 7, the normalizing quantity D y,t in Equation (5) may be very small. These values are larger than that of pushover analysis which in turn are larger than those of µ GS and dynamic analysis. Considering that: (a) µ Gt of dynamic analysis fails addressing the normalizing quantity (D y,t in Equation (5)) giving unreasonable large values of µ Gt , (b) pushover does not take into account dissipation of energy, (c) SCWB concept was followed in the building design, and (d) the local axial ductility is not important in framed steel building structures, the ratio of global to local ductility capacity, proposed in this study, is calculated as the ratio of µ GS to µ Lφ of beams for dynamic analysis. Results from the table indicate that, for this definition, the mean values of R LG and the uncertainty in the estimation are larger for the 3-than for the 10-level building and larger for the EW than for the NS direction. Based on the values obtained in this study (0.41, 0.34, 0.35 and 0.32) a value of 1/3 is proposed for the R LG ratio. Thus, if local ductility capacity is stated as the basis for the design, say 15 or 12, the global ductility capacity can be estimated as 5 or 4.
Conclusions
A numerical investigation regarding ductility evaluation of steel buildings with moment resisting steel frames is conducted in this paper. Some steel model buildings and some strong motions used in the SAC steel project are used in the study. Bending local (µ Lφ ) and tension local (µ Lδ ) ductilities, story ductility (µ S ) as well as global ductility are studied; the most appropriate definition of global ductility is identified. Global ductility is calculated as the mean values of story ductilities (µ GS ) and as the ratio of the maximum inelastic top displacement to the top displacement when yielding occurs for the first time (µ Gt ). The ductility values calculated according to dynamic analysis are compared to those of pushover analyses. Results of the study indicate that the ductility values significantly may vary with the strong motion, the ductility definition, the structural element, the story number, the type of analysis, and the structural model. The main conclusions are:
(1) For beams and columns and the maximum seismic intensity, the mean values of µ Lφ tend to decrease with the story number; however, as expected, the beam values are much larger than those of columns (10.22 The implication of this is that the ductility definition based on the building top displacement, even though used in the profession, is not appropriate for the case of dynamic analysis, particularly for high buildings where significant structural contributions of the higher modes are expected. (3) As for the case of dynamic results, the ductility values obtained from pushover analysis are much larger for beams than for columns. For beams, the values of µ Lφ , µ S and µ GS obtained from pushover can be much larger than the corresponding values obtained from dynamic analysis. (4) The ratio (R LG ) of global to local ductility (µ Lφ ) is also calculated. Considering that: (a) µ Gt for dynamic analysis results in unreasonable large values, (b) pushover analysis does not take into account for dissipation of energy, (c) SCWB concept was followed in the building design, and (d) the local axial ductility is not important in framed steel building structures, the R LG ratio of dynamic analysis associated to bending local ductility is assumed to be the most appropriated definition. A value of 1/3 is proposed for this ratio. Thus, if local ductility capacity is stated as the basis for the design, say 15 or 12, the global ductility capacity can be estimated as 5 or 4. 
